D-serine has been shown to improve positive, negative, and cognitive symptoms when used as add-on therapy for the treatment of schizophrenia. However, D-serine has to be administered at high doses to observe clinical effects. This is thought to be due to D-serine undergoing oxidation by D-amino-acid oxidase (DAAO) before it reaches the brain. Consequently, co-administration of D-serine with a DAAO inhibitor could be a way to lower the D-serine dose required to treat schizophrenia. Early studies in rodents to evaluate this hypothesis showed that concomitant administration of structurally distinct DAAO inhibitors with D-serine enhanced plasma and brain D-serine levels in rodents compared with administration of D-serine alone. In the present work we used three potent DAAO inhibitors and confirmed previous results in mice. In a follow-up effort, we evaluated plasma D-serine levels in monkeys after oral administration of D-serine in the presence or absence of these DAAO inhibitors. Even though the compounds reached steady state plasma concentrations exceeding their K i values by 460-fold, plasma D-serine levels remained the same as those in the absence of DAAO inhibitors. Similar results were obtained with dogs. In summary, in contrast to rodents, DAAO inhibition in monkeys and dogs did not influence the exposure to exogenously administered D-serine. Results could be due to differences in D-serine metabolism and/or clearance mechanisms and suggest that the role of DAAO in the metabolism of D-serine is different across species. These data provide caution regarding the utility of DAAO inhibition for patients with schizophrenia.
INTRODUCTION
Antagonists of the N-methyl D-aspartate (NMDA) receptor such as phencyclidine and ketamine induce negative symptoms and cognitive deficits typical of schizophrenia in healthy volunteers (Malhotra et al, 1996) and exacerbate psychosis in patients diagnosed with the disease (Malhotra et al, 1997) . These findings have led to the hypothesis that hypofunction of the NMDA receptor may contribute to the disorder (Coyle, 2006; Javitt et al, 2001) and that potentiation of receptor function may alleviate some of the symptoms of schizophrenia (Yang and Svensson, 2008) . As excessive stimulation of the NMDA receptor glutamate-binding site may cause excitotoxic damage to neurons, drug discovery efforts have focused on increasing glutamatergic neurotransmission by activating the glycine modulatory site on NMDA receptors. The use of D-serine to potentiate NMDA receptormediated neurotransmission has been particularly attractive because it is a more potent allosteric activator than glycine (Mothet et al, 2000) , it is more permeable than glycine to the blood-brain barrier (Oldendorf, 1971) and it is not known to affect other neurotransmitter systems. There have been several small clinical studies ranging from 20 to 195 patients where D-serine has been tested in combination with other antipsychotics for the treatment of schizophrenia (Heresco-Levy et al, 2005; Kantrowitz et al, 2010; Lane et al, 2005 Lane et al, , 2010 Tsai et al, 1998 Tsai et al, , 1999 Weiser et al, 2012) . Patients who have received D-serine have shown improvement in some clinical studies (Heresco-Levy et al, 2005; Kantrowitz et al, 2010; Tsai et al, 1998) , whereas in others there was no effect (Lane et al, 2005 (Lane et al, , 2010 Tsai et al, 1999; Weiser et al, 2012) . Only one study examined D-serine dose response (30-120 mg/kg/day) and the most improvement was seen at doses ⩾ 60 mg/kg/day (Kantrowitz et al, 2010) . The rest of the studies only tested lower doses (30 mg/kg/day or 2 g/day) (Heresco-Levy et al, 2005; Lane et al, 2005 Lane et al, , 2010 Tsai et al, 1998 Tsai et al, , 1999 Weiser et al, 2012) .
The need for large doses to observe efficacy is thought to be due to D-serine undergoing extensive oxidation by D-amino-acid oxidase (DAAO) (Sacchi et al, 2008) . DAAO is a flavoprotein that has been shown to oxidize a wide variety of substrates including D-alanine, D-serine, D-proline, D-DOPA, and D-kynurenine (Dixon and Kleppe, 1965; Iwasa et al, 2011; Kawazoe et al, 2007a; Ogaya et al, 2010) . DAAO catalyzes D-serine oxidation to form the corresponding imino acid and hydrogen peroxide. The imino acid once released by the enzyme is nonenzymatically hydrolyzed to the keto acid (β-hydroxypyruvate) and ammonia ( Figure 1a ).
In humans, DAAO is expressed in the liver, kidney, and brain (Pollegioni et al, 2007; Verrall et al, 2007) . Enzymatic breakdown of D-serine by DAAO in the liver and kidney is thought to reduce the amino acid available in plasma to cross the blood-brain barrier and reach the NMDA receptor at concentrations that result in optimal clinical effects. Thus, peripheral DAAO inhibition has the potential of reducing the need for high doses of D-serine in the clinic. A precedent to this type of therapeutic strategy is the use of carbidopalevodopa to increase brain dopamine levels for the treatment of Parkinson's disease. (Nutt et al, 1985) .
High doses of D-serine have been reported to cause nephrotoxicity in rats (Ganote et al, 1974; Williams and Lock, 2005) resulting from D-serine oxidation catalyzed by DAAO (Maekawa et al, 2005) . Hydrogen peroxide is associated with oxidative stress (Williams and Lock, 2005) , whereas large amounts of β-hydroxypyruvate have been shown to induce cell death (Chung et al, 2010) . Consequently, DAAO inhibition could also provide protection against potential toxic side effects from high doses of D-serine (Figure 1a) . Several research groups have had an interest in identifying clinically viable DAAO inhibitors that could be given alone or in combination with D-serine to patients with schizophrenia (Adage et al, 2008; Duplantier et al, 2009; Ferraris et al, 2008; Ferraris and Tsukamoto, 2011; Smith et al, 2009 Smith et al, , 2010 . Even though there have been promising results when DAAO inhibitors are given in combination with D-serine, all studies have been in rodents (Ferraris and Tsukamoto, 2011) . In the present work we report the use of three DAAO inhibitors belonging to two structural classes. We confirm that all three DAAO inhibitors dose dependently increase the plasma exposure to exogenously administered D-serine in mice. However, when similar studies were performed in baboons and beagle dogs, the same DAAO inhibitors showed no effect.
MATERIALS AND METHODS

IC 50 and K i Determinations
DAAO assay was adapted from a published report (Cook et al, 2002) . Binding affinities (K i ) were determined from the Cheng-Prusoff equation (Cheng and Prusoff, 1973) :
Where [D-ser] = 5 mM and K m for human DAAO and D-serine = 7.5 mM (Molla et al, 2006) . Under these conditions K i = 0.6 (IC 50 ).
Mouse Pharmacokinetic Studies
Experimentally naive CD1 mice (Harlan Laboratories, 6-8 weeks of age) were used for all experiments. Mice were group housed with ad libitum access to water and a Unless otherwise noted, animals (n = 3 at each time point) were sacrificed at 0.25, 0.5, 1, 2, 3 and 6 h after D-serine dosing and blood was collected by cardiac puncture. Blood samples were centrifuged at 3000 × g for 10 min, and the resulting plasma was stored at À 80°C until time of analysis.
Oral D-serine ± chronic intravenous infusion of DAAO inhibitor. CD1 mice (6-8 weeks old, Harlan) were anesthetized with an i.p. injection of 0.1-0.15 ml of 10% chloral hydrate dissolved in 0.9% saline. Alzet minipumps (model 2001D) were primed by incubation in saline at 37°C for 8 h and then inserted subcutaneously with a catheter (part: 0007701) placed into the jugular vein. The pumps delivered 1 mg/kg/h of JHU 1057 for the duration of the experiment. D-serine (30 mg/kg) was administered orally 30 min following beginning of IV infusion. Mice were then killed at 0.25, 0.5,1, 3, 5, and 18 h after D-serine administration. Blood was collected and treated to generate plasma as described above.
Baboon Pharmacokinetic Studies
Adult male baboons (Papio hamadryas of anubis subtype, olive baboon, weighing 26-30 kg) were housed individually in stainless-steel cages in a temperature-and humiditycontrolled facility with constant access to water and an 11-h artificial light/dark cycle (light 6 AM-PM) although there was natural light through windows. The baboons were fed generous amounts of Old World Monkey chow and at least one piece of fresh fruit daily at approximately the same time of the morning. They could see and hear each other as well as other baboons in the same housing area. The baboons each had been surgically implanted with chronically indwelling jugular or femoral venous catheter that was protected via a custom-constructed tether/harness system (Lukas et al, 1982) . A slow continuous infusion of lightly heparinized 0.9% saline (~150 ml in 24 h) maintained catheter patency. Both baboons had previous experience in a study of intravenous drug self-administration. Care and use of the baboons was consistent with both Public Health Service Policy (cited above) as well as the US Animal Welfare Act (9 CFR Parts 1, 2, 3).
Oral D-serine. Baboons were habituated across days to drink 60 ml of an orange-flavored solution (Tang) that was made increasingly bitter with the addition of quinine sulfate using a well-established training procedure that does not require restriction of access to water; drinking was followed immediately by 40 ml of unadulterated orange drink (Ator, 2000) . To test the likelihood that drug solution would be consumed on the day of the experiment, they were provided the planned dose of D-serine in the orange drink without quinine, which they consumed rapidly. Thus, a week later, on the day of the experiment, they voluntarily drank the D-serine dose (30 mg/kg) within 5 min. The baboons were sedated with Telazol (tiletamine+zolazepam) i.m. (preceded by atropine sulfate to control secretions) so that blood (3 ml) could be collected from a cephalic or saphenous vein at 0.25, 0.5, 1, 2, 4, 6, 8, and 24 h after the D-serine dose was consumed. Blood was centrifuged at 3000 rpm for 10 min to separate plasma from red cells, and plasma was stored at 80 o C until time of analysis.
Oral D-serine ± chronic intravenous DAAO inhibitors. CBIO, JHU 1057 and 1377 were dissolved in 5% dextrose solution and filter sterilized (0.22 μm) for i.v. delivery. Baboons were dosed with the DAAO inhibitor (0.5 mg/kg/h) by constant i.v. infusion for 24 h in place of the heparinized saline drip mentioned above. D-serine (30 mg/kg, p.o.) was consumed voluntarily 15 min after initiation of the i.v. infusion, and blood samples were collected at the same intervals as above.
Beagle Dog Pharmacokinetic Studies
Dog studies were carried out by Ricerca Biosciences, LLC (Concord, OH). Two laboratory-bred and experimentally non-naive male beagle dogs (12-16 months of age weighing 9-10 kg) were used. Care and use of the dogs was consistent with both Public Health Service Policy (cited above) as well as the US Animal Welfare Act (9 CFR Parts 1, 2, 3). Dogs were implanted with indwelling venous catheters. Certified Canine Diet was provided daily in amounts appropriate for the size and age of the dogs. Tap water was available ad libitum.
Oral D-serine. D-serine (10 mg/kg p.o. dissolved in distilled water containing 0.5% methylcellulose) was given and blood samples (1 ml/sample) were collected via venipuncture of the cephalic vein at 0.25, 0.5, 1, 2, 4, 6, 8, and 24 h after dosing. Blood samples were collected and processed as above.
Oral D-serine ± chronic intravenous DAAO inhibitor. D-serine (10 mg/kg, p.o.) was given 2 h before initiation of the intravenous JHU 1057 (10 mg /kg bolus followed by continuous i.v. infusion of 10 mg/kg/h for 6 h). JHU 1057 was dissolved in sterile water (80%) plus saline containing 50 mg/ml dextrose (20%). JHU 1057 was given 2 h after D-serine administration after the absorption phase but at a time when D-serine concentration was expected to be high. Blood samples were collected at 0.25, 0.5, 1, 2, 4, 6, and 8 h after dosing with D-serine and processed as detailed above.
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Determination of D-serine in Plasma
D-serine analysis was based on a previously published procedure involving derivatization with Marfey's reagent (Berna and Ackermann, 2007) .
Determination of DAAO Inhibitors in Plasma
Mouse, baboon, or dog plasma was spiked with CBIO, JHU 1057, or JHU 1377 at 100, 31.6, 10, 3.2, 1, 0.3, 0.1, 0.03, 0.01, 0 μM by serial dilution. Samples (50 μl) of the calibration standard or test samples were transferred into low-retention microcentrifuge tubes for extraction. Sample preparation involved a single liquid extraction with 500 μl acetonitrile spiked with 1 μM CBIO (for JHU 1057 and JHU 1377 analysis) or 0.5 μM losartan (for CBIO analysis) as ISTD.
Extracts were centrifuged at 16 000 g for 5 min at 4°C. Supernatants (450 μl) were transferred to new low-retention microcentrifuge tubes and dried under vacuum at 45°C for 45 min. Samples were reconstituted in 50 μl of 30% acetonitrile and centrifuged at 16 000 g for 5 min at 4°C. Supernatants were then transferred into a 96-well plate. For JHU 1057 and 1377, a volume of 10 μl was injected onto an Agilent 1290 UPLC system with an Agilent Zorbax 1 × 150 mm C18 column using a gradient run of 10/90-100/0 acetonitrile/water +0.1% formic acid at 0.2 ml/min over 3.5 min and detected on an Agilent 6520 QTOF mass spectrometer. For CBIO, a volume of 10 μl was injected onto an Agilent 1290 UPLC system with an Agilent Zorbax 2.1 × 100 mm C18 column using a gradient run of 30/70-90/10 acetonitrile/water+0.1% formic acid at 0.3 ml/min over 4 min and detected on an Agilent 6520 QTOF mass spectrometer. The lower limit of quantitation for each analyte was about 0.03 μM of DAAO in plasma. Standards within the quantifiable range were used to generate a standard curve.
Pharmacokinetics Parameter Calculations
Determinations of AUC using the trapezoidal approximation and terminal half-lives for DAAO inhibitors were performed with the pharmacokinetics (PK) Functions for Microsoft Excel macro (Joel I Usansky, PhD, Atul Desai, MS, and Diane Tang-Liu, PhD; Department of Pharmacokinetics and Drug Metabolism Allergan, Irvine, CA 92606, USA). Statistical evaluation of differences between AUC values (nmol h/ml) in mouse studies was carried out using the Bailer method employing the Z observed value (Z obs ); Z obs 41.96 was considered significant (Bailer, 1988) .
Plasma Protein Binding
Plasma protein binding (PPB) was carried out by equilibrium dialysis as previously described (Acharya et al, 2006) . (Figure 2a, c, e and g ). Although the effects of the DAAO inhibitors on D-serine exposure were statistically significant in each case (Zcrit41.96), the effects were short lived. This was likely due to DAAO inhibitors clearing rapidly from plasma with terminal half-lives of 2.3, 1.8, and 1.9 h for CBIO, JHU 1057, and JHU 1377, respectively (Figure 2b, d, f) . Given the short DAAO inhibitor plasma exposure following single oral administration, a continuous i.v. infusion-dosing strategy was subsequently used with JHU 1057 to fully evaluate the effect of continuous DAAO inhibition on D-serine in mice.
RESULTS
Orally
IV Infusion of DAAO Inhibitor Increased D-serine Plasma Exposure in Mice
To determine whether continuous DAAO inhibitor exposure would result in sustained D-serine levels, D-serine was given as single dose (30 mg/kg PO) 30 min after initiating a continuous IV infusion of JHU 1057 (1 mg/kg/h). The IV infusion dose was chosen because higher doses (3 mg/kg/h or higher) caused mild sedation; in contrast, 1 ml/kg/h caused no overt behavioral effects. IV infusion of JHU 1057 resulted in sustained levels of plasma D-serine ( Figure 3a ). D-serine exposure (AUC 0-3h ) was lowest when using D-serine alone, intermediate when using D-serine plus single dose of JHU 1057 (100 mg/kg PO) and highest when using D-serine+chronic IV infusion of JHU 1057 (1 mg/kg/h) (Figure 3b) . The results clearly demonstrated that when the poor pharmacokinetic profile/short halflife of JHU 1057 was circumvented through continuous IV infusion, the enhanced D-serine plasma levels were sustained.
IV Infusion of DAAO Inhibitors did not Increase D-serine Plasma Exposure in Monkeys
Similar oral D-serine ± DAAO inhibitor co-administration experiments were next performed in baboons. Given the mouse data showing the most prominent effects when the DAAO inhibitor was dosed IV, we chose to use chronic 24 h IV infusion of the three DAAO inhibitors in the baboons. In contrast to the data in mice, total D-serine exposures and D-serine elimination were largely unchanged with continuous IV infusion of the DAAO inhibitors CBIO (Figure 4a ), JHU 1057 (Figure 4c ), or JHU 1377 (Figure 4e ). Plasma concentrations of each of the DAAO inhibitors remained constant for the duration of the IV infusion at 3-4 μM for CBIO (Figure 4b ), 2-3 μM for JHU 1057 (Figure 4d) , and 5-6 μM for JHU 1377 (Figure 4f ). Importantly, these concentrations exceeded their K i values by460-fold for the duration of the 24 h infusion.
IV Infusion of JHU 1057 did not Increase D-serine Plasma Exposure in Dogs
We next tested the co-administration paradigm in another large animal species. Beagle dogs were given oral D-serine ± continuous IV JHU 1057 (3 mg/kg IV bolus followed by 3 mg/kg/h infusion). Similar to the monkey data, D-serine exposure and elimination remained unaffected by JHU 1057 (Figure 5a ). Similar results were obtained when a corresponding 10 mg/kg JHU 1057 regimen was used (Figure 5b ). JHU 1057 plasma levels at 3 and 10 mg/kg regimens were~5 and 20 μM, respectively (Figure 5c ), which is over 160-and 600-fold its K i value for DAAO inhibition (30 nM).
Extensive JHU 1057 PPB did not Explain Lack of Effect on D-serine Plasma Exposure in Baboon or Beagle Dog
We next determined JHU 1057 PPB in mouse, baboon, and beagle dog to ensure that extensive PPB was not the reason for the compound's lack of effect on D-serine exposure. Using standard equilibrium dialysis methods (Acharya et al, 2006 ) JHU 1057 PPB was 18% in mouse, 94% in baboon, and 69% in beagle dog. In monkey, the total concentration of JHU 1057 at equilibrium during IV infusion was~2 μM (Figure 4d ) so the concentration of JHU 1057 corresponding to 6% unbound was~120 nM about fourfold its K i value (30 nM). Similarly, in dog the total concentration of JHU 1057 at equilibrium during IV infusion at 10 mg/kg/h was~20 μM (Figure 5c ) so the concentration of JHU 1057 corresponding to 31% unbound was~6.2 μM 200-fold the K i value. In short, the fraction of unbound JHU 1057 circulating in plasma in both monkey and dog was in excess of the concentration needed to inhibit DAAO.
DISCUSSION
The most salient finding from the work we present here is the disparate results obtained in the IV infusion experiments using mice (Figure 3 ) vs those using monkeys (Figure 4 ) and dogs ( Figure 5 ). When IV infusion of a DAAO inhibitor was used in mice D-serine levels were sustained with a complete loss of D-serine elimination (Figure 3 ) similar to results obtained with the DAAO KO mice (Rais et al, 2012) . In stark contrast to the finding in the mouse, when similar IV infusions with three potent DAAO inhibitors, CBIO, JHU 1057, and JHU 1377, were used in monkeys, D-serine elimination was the same as in the absence of DAAO inhibitor (Figure 4) . Same results were observed with JHU 1057 in dogs ( Figure 5) .
In mice, when CBIO, JHU 1057, and JHU 1377 were administered orally in combination with oral D-serine, they all showed increases in plasma D-serine levels (Figure 2a, c  and e) . The results with CBIO were similar to those Effect of DAAO inhibitors on plasma D-serine across species C Rojas et al previously reported using rats (Ferraris et al, 2008) and the results with JHU 1057 and JHU 1377 confirmed and extended the observation to a structurally distinct chemical class. CBIO (Figure 1b ) is a benzoisoxazole (Ferraris et al, 2008) , whereas JHU 1057 ( Figure 1c ) and JHU 1377 (Figure 1d ) incorporate the 6-hydroxy-1, 2, 4-triazine-3, 5 (2H,4H)-dione scaffold (Hin et al, 2015) . Even though there was an increase in D-serine exposure in the presence of Effect of DAAO inhibitors on plasma D-serine across species C Rojas et al DAAO inhibitors, the increase was not sustained. The limited effect was reasoned to be due to the short plasma terminal half-lives of the DAAO inhibitors, which were 2.3, 1.8, and 1.9 h for CBIO, JHU 1057, and 1377, respectively ( Figure 2b, d and f) . To circumvent the short terminal halflives, JHU 1057 was subsequently given as chronic IV infusion to enhance DAAO inhibitor plasma exposure over time (Figure 3) . The results indicated that as long as DAAO inhibitor was present in plasma through IV infusion, enhanced plasma D-serine levels were sustained (Figure 3 ). These data support the critical role of DAAO in D-serine metabolism in mice. The results were consistent with data showing that when wild-type and transgenic mice lacking DAAO were given D-serine, the KO mice exhibited sustained D-serine levels in plasma (t 1/2 410 h), whereas wild-type mice exhibited rapid D-serine elimination (t 1/2 = 1.2 h) (Rais et al, 2012) . Because of our interest in the clinical translation of this therapy, we wanted to determine whether DAAO inhibitor-enhancement of D-serine exposure could also be confirmed in a species closer to humans: non-human primates. To that effect, we examined the effect of CBIO, JHU 1057, and JHU 1377 on D-serine exposure in baboons. Baboons were given D-serine (30 mg/kg PO) ± each of the three DAAO inhibitors as IV infusion to ensure adequate presence of inhibitor in plasma during the course of the study. To our surprise, unlike the rodent data, D-serine exposure in plasma was largely unaffected by the presence of (Figure 2 ). Changes in AUC were 0.9, 1.4, and 1.1-fold for CBIO, JHU 1057, and JHU 1377, respectively (Figure 4g ). Taken together, the results with the three inhibitors suggest differences in AUC were within experimental error.
As these effects in baboons were unexpected, we next chose to study this co-administration strategy in beagle dogs. Similar to the monkeys, however, we found that D-serine exposure in dogs was completely unaffected by continuous IV DAAO inhibitor infusion (Figure 5a and b) , even though inhibitor levels were well above its K i value (Figure 5c ).
Even though the steady state concentrations of DAAO inhibitors in monkey and dog plasma were 60-600-fold times the K i , we next reasoned that if the compounds were extensively protein bound, it could have confounded the results. However, when protein binding was considered for JHU 1057, the free fraction in plasma still exceeded the DAAO K i by fourfold in monkey and 200-fold in dog, suggesting that the lack of effect of DAAO inhibitors was likely not due to the inhibitors bound to plasma proteins.
The DAAO inhibitors used in these studies were expected to inhibit peripheral DAAO only, because they do not cross the blood brain barrier. If peripheral inhibition of DAAO in monkey or dog had had an effect, it would have resulted in increased D-serine levels in plasma and increased D-serine transport into brain. This hypothesis has been confirmed in Effect of DAAO inhibitors on plasma D-serine across species C Rojas et al previous studies with rodents where increased plasma D-serine resulted in increased brain D-serine measured via micro dialysis (Ferraris et al, 2008; Hashimoto et al, 2009) . As in our studies plasma D-serine levels did not increase in monkey and dog, brain D-serine levels were not expected to increase either. The reason for the difference in the effect of DAAO inhibition on D-serine levels among species is not clear. Differential DAAO inhibition across species is unlikely: CBIO, JHU 1057, and JHU 1377 were all shown to be potent inhibitors of human DAAO (Figure 1 ) and also increased D-serine plasma levels in mice (Figure 2) , indicating broad DAAO inhibition. There is also high-sequence identity of DAAO across species; mouse, dog, and monkey exhibit 80.7%, 83.3%, and 94.2% sequence identity with human DAAO, respectively (http://www.uniprot.org). Most important, the DAAO amino-acid residues expected to interact with these inhibitors at the active site (Tyr 228, Arg 283, and Tyr 224) (Ferraris et al, 2008) are conserved across these species.
Oral D-serine disposition is different between rodents and baboons. As has been previously reported (Ferraris et al, 2008; Rais et al, 2012) , we found that D-serine absorption in mice is fast reaching maximum concentration in o1 h followed by rapid elimination (Figure 2a , c and e). D-serine absorption in baboons, however, was found to be considerably slower, reaching maximum concentration at~4 h followed by relatively slower elimination (Figure 4a, c and e) . D-serine disposition in dogs was rapid and similar to mice (Figure 5a and b) yet DAAO inhibition did not have an effect on D-serine exposure in dogs. Therefore, D-serine disposition alone cannot account for the contrasting DAAO inhibitor effects.
Differences in D-serine metabolism among species are one possible reason for the differential effect of DAAO inhibitors on D-serine exposure. Administration of D-serine to rats causes nephrotoxicity (Carone et al, 1985; Ganote et al, 1974; Kaltenbach et al, 1979; Morehead et al, 1946) resulting from DAAO-catalyzed D-serine oxidation (Maekawa et al, 2005) , whereas administration of D-serine to humans even at concentrations of 120 mg/kg had no major safety issues (Kantrowitz et al, 2010) , suggesting D-serine metabolism across species may not be the same. In line with these findings, a species comparison of basal urinary D-serine concentrations showed much higher levels of D-serine in human and dog urine vs rats and mice (Huang et al, 1998; Miyoshi et al, 2009) , suggesting that D-serine in human and dog may be preferentially excreted by the kidneys versus metabolized by DAAO. If true, then DAAO inhibition would be reasoned to have less effect on plasma D-serine levels in these species, similar to our findings in monkeys and dogs, and different to our and others' findings in rodents. Even though alternate pathways to D-serine metabolism in addition to DAAO oxidation cannot be ruled out, the relatively high concentrations of D-serine in human and dog urine compared with rat would suggest that in these species D-serine excretion is a significant D-serine elimination route. Different roles for DAAO across species are also suggested by the observation that DAAO is a flavoprotein where interactions with the flavin adenine dinucleotide (FAD) coenzyme are closely modulated to catalyze a variety of oxidation/reduction processes with different catalytic efficiencies. Pertinent to this point is the finding that the binding affinity of FAD for human DAAO is 400-fold weaker than for fungi DAAO (Rhinotyphlops gracilis) and 36-fold weaker than for porcine DAAO (Pollegioni et al, 2007) . Human DAAO can catalyze D-serine oxidation in vitro in the presence of sufficient FAD but it may have lower activity under physiological conditions if much less FAD is available. DAAO can also catalyze many other oxidation reactions (Kawazoe et al, 2007b) . In this regard, kinetic data show that the maximum velocity of catalysis of D-DOPA oxidation is much greater than that for D-serine, suggesting DAAO involvement in alternative pathways of dopamine biosynthesis (Kawazoe et al, 2007a, b) . Different roles for DAAO across species are also suggested by differences in expression patterns. For example, humans express DAAO in both the liver and the kidney while mice express DAAO in the kidney but not the liver (Tishkov and Khoronenkova, 2005) .
Our results were unexpected in light of a recent clinical study showing that the purported DAAO inhibitor benzoate (IC 50 = 16 μM) (Vanoni et al, 1997) improved a variety of symptom domains and neurocognition in patients with schizophrenia when used as add-on treatment (Lane et al, 2013) . Unfortunately, the ability of benzoate to inhibit DAAO and/or alter D-serine plasma or CNS levels were not explored in this study. In a separate PK study when benzoate was given to humans at 40 mg/kg (2.8 g for a 70 kg person) DAAO inhibitory concentrations of benzoate in plasma were reached only for 3 h. Further, apparent volume of distribution (V d ) of benzoate was 0.248 l/kg, suggesting that its exposure to the liver and kidney are likely less than in the bloodstream (Kubota and Ishizaki, 1991) . In the efficacy study mentioned above benzoate dose was about one-third of the dose used in the PK study (1 g/day) so benzoate exposure would have been even less. CBIO, an 80-fold more potent benzoate analog (Ferraris et al, 2008) , did not have an effect on D-serine plasma levels in the monkey, even when the compound was given as an IV infusion for 24 h to ensure DAAO inhibition at all times. Taken together, the above considerations suggest the beneficial effects observed with benzoate are likely due to a pharmacological mechanism other than DAAO inhibition.
In contrast to behavioral studies in rodent models of psychiatric disease where the effects across species can be hard to confirm, biomarker studies evaluating drug-induced changes in analytes found in biological fluids (eg, plasma, CSF, urine) can be more readily confirmed across species including dogs, primates, and eventually in clinical studies. Importantly, in larger laboratory animal species such biomarker studies can also be conducted without major discomfort or sacrificing of the animals.
In summary, the work presented here shows that in contrast to rodents, exposure of exogenously administered D-serine cannot be increased in baboons or beagle dogs by DAAO inhibition, suggesting that DAAO is not critically involved in peripheral D-serine metabolism in these species. This work underlines the usefulness of using several species for a more informed expectation of drug action and provides caution regarding the utility of the D-serine/DAAO inhibition strategy for patients with schizophrenia.
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